The plasma membrane is a semipermeable, protein-rich, membrane bilayer that mediates key cell functions. Many proteins in the plasma membrane have highly organized yet distinct patterns of distribution. These distribution patterns arise from the specific affinities of proteins for other proteins or lipids in the plasma membrane, or from physical barriers imposed by cytoskeletal elements in contact with the plasma membrane, which impede protein lateral diffusion, sometimes trapping proteins in particular plasma-membrane domains 1,2 . The overall result is that most plasma-membrane proteins distribute heterogeneously in domains of diverse size and composition. This complex arrangement of proteins and lipids in the plasma membrane is believed to be critical to various physiological processes 3, 4 .
Photoactivated localization microscopy (PAlm) is a powerful approach for investigating protein organization, yet tools for quantitative, spatial analysis of PAlm datasets are largely missing. combining pair-correlation analysis with PAlm (Pc-PAlm), we provide a method to analyze complex patterns of protein organization across the plasma membrane without determination of absolute protein numbers. the approach uses an algorithm to distinguish a single protein with multiple appearances from clusters of proteins. this enables quantification of different parameters of spatial organization, including the presence of protein clusters, their size, density and abundance in the plasma membrane. using this method, we demonstrate distinct nanoscale organization of plasmamembrane proteins with different membrane anchoring and lipid partitioning characteristics in cos-7 cells, and show dramatic changes in glycosylphosphatidylinositol (GPi)-anchored protein arrangement under varying perturbations. Pc-PAlm is thus an effective tool with broad applicability for analysis of protein heterogeneity and function, adaptable to other single-molecule strategies.
The plasma membrane is a semipermeable, protein-rich, membrane bilayer that mediates key cell functions. Many proteins in the plasma membrane have highly organized yet distinct patterns of distribution. These distribution patterns arise from the specific affinities of proteins for other proteins or lipids in the plasma membrane, or from physical barriers imposed by cytoskeletal elements in contact with the plasma membrane, which impede protein lateral diffusion, sometimes trapping proteins in particular plasma-membrane domains 1, 2 . The overall result is that most plasma-membrane proteins distribute heterogeneously in domains of diverse size and composition. This complex arrangement of proteins and lipids in the plasma membrane is believed to be critical to various physiological processes 3, 4 .
Understanding the activities of the plasma membrane requires an accurate description of how its associated proteins distribute, but methods for precisely characterizing this spatial organization have been less than satisfactory. Many plasma-membrane proteins show no enriched signal or specific spatial organization when visualized optically because the scale of their heterogeneity is too small to be resolved. Techniques such as electron microscopy 5, 6 , near-field scanning optical microscopy 7 and fluorescence resonance energy transfer 8, 9 , all of which can be used for nanoscale interrogation, do not offer a detailed nanoscopic description of overall plasma-membrane protein organization at high density owing to several technical obstacles. In particular, high-density labeling of proteins in electron microscopy is difficult, antibodies used in electron microscopy and near-field scanning optical microscopy may cause artifactual cross-linking (or result in multiple labeling of single proteins) 10 , mechanical rip-off of the top portion of the cell to visualize plasma-membrane proteins in electron microscopy could well disrupt plasma-membrane nanoscale organization, and fluorescence resonance energy transfer cannot be used to interrogate protein organization over distances greater than ~10 nm.
A promising approach to overcome many of these limitations is single-molecule super-resolution imaging, involving single marker switching to enable light emission from only one fluorophore in a diffraction-limited spot. Depending on the fluorophore, the technique has been called photoactivated localization microscopy (PALM) 11 , fluorescence PALM 12 , stochastic optical reconstruction microscopy (STORM) 13 , ground state depletion microscopy followed by individual molecule return 14 and direct STORM 15 . In the field of plasma-membrane organization, PALM has been particularly useful because proteins in this approach are precisely modified with a single fluorescent label by genetically tagging them with a photoactivatable fluorescent protein (PA-FP), and a high density of proteins can be achieved by controlling their expression. Consequently, PALM has been used to characterize various plasma-membrane proteins, including T-cell receptor and Lat distribution on plasma-membrane sheets from T cells 16 , and the distribution of hemagglutinin 17 , paxillin 18 , Gag 19 and Src proteins 20 .
Despite these successes, use of PALM or other single-molecule imaging techniques to precisely characterize the spatial organization of proteins in the plasma membrane has been limited because of several factors. One factor is imprecise localization and blinking of the fluorophores. This can result in molecules being inappropriately detected and localized, making it difficult to draw conclusions about the number and density of molecules in particular areas of the plasma membrane. A second factor is the limitation in statistical approaches used to characterize PALM datasets. Here we present a pair-correlation method for quantitatively describing PALM datasets of proteins tagged with PA-FP (PC-PALM) that overcomes these limitations, enabling a more comprehensive picture of overall plasma-membrane heterogeneity. We used PC-PALM to describe how different plasma-membrane proteins are distributed by evaluating the extent of clustering, overall density patterns and changes in these characteristics upon cholesterol depletion, sphingomyelinase treatment, actin depolymerization and antibody-induced cross-linking. The findings demonstrate that PC-PALM is an effective method for obtaining detailed spatial analysis of protein heterogeneity and function in the plasma membrane. The technique also has broad applicability for clarifying protein organization in different cellular compartments.
results

Pc-PAlm
A single molecule in a PALM image typically appears in multiple frames with variable intervals of blinking (in which the PA-FP temporarily shifts to a dark state) before it is irreversibly photobleached. As the localization precision of a single molecule depends on the total number of photons it emits and this number varies stochastically from frame to frame, the centroid positions of the molecule's diffraction limited spot (that is, peaks) in successive frames do not exactly coincide. This results in a single protein in a PALM image appearing as a cluster of peaks (Fig. 1a) . Owing to blinking, the peaks appear in a time window that depends on the intervals of dark state and photobleaching rate (Fig. 1b) . Because the cluster has a well-defined spatial dispersion (determined by the average localization precision, σ s , of the peaks), it can be grouped and assigned to an individual protein (Fig. 1a) . Grouping, however, becomes difficult when clusters of peaks belonging to different molecules are not well separated spatially and temporally. The variable time period of dark state creates additional difficulties, especially when proteins are expressed at high density and imaged at a high frame rate. Under these conditions, it is very challenging to appropriately group peaks to a single protein (Fig. 1c) .
We used pair-correlation-function analysis to distinguish individual proteins and clusters of proteins in a PALM image. Pair-correlation analysis provides a robust and objective method to characterize spatial scales of density fluctuations 21 . For this analysis, we considered peaks appearing in consecutive frames and within a radius covering 99% probability density of the twodimensional (2D) Gaussian function for localization uncertainty to be a single peak, as they represent a single molecule appearance interrupted only because of the acquisition frame rate. Owing to blinking, the same protein will produce multiple peaks that are temporally isolated. To circumvent the problem of group assignment of these temporally isolated peaks to individual proteins, we subjected peaks in a PALM image assembled from all frames to PC-PALM analysis. Using the defined spatial signature of peaks belonging to a single molecule, we calculated correlation functions of peaks belonging to a single protein and those belonging to a group of proteins.
In the PC-PALM approach, the total pair-wise correlation function of all peaks in a PALM image can be represented as g(r) peaks = (g(r) centroid + g(r) protein ) * g(r) PSF , in which g(r) PSF is the correlation function of the effective point spread function (PSF) of uncertainty in localization, and * represents convolution. The convolution of g(r) centroid (protein correlation function at r = 0) with g(r) PSF quantifies the correlation arising from multiple appearances of the same molecule and is defined as g(r) stoch . The convolution of g(r) protein (protein correlation function at r > 0) with g(r) PSF represents the correlation function of the relative spatial distribution of the proteins.
The pair-correlation function quantifies the increased probability of finding another protein at a distance r away from a protein compared to that expected from random distribution of proteins. Therefore, when a protein population is randomly distributed, the correlation function describing its organization, g(r) protein , is ~1. The total pair-wise correlation function under these conditions reduces to:
When proteins are nonrandomly distributed, showing clustering or aggregation, g(r) protein will be greater than 1. For randomly shaped clusters in a 2D system, the decay of probability density of proteins from the center of the cluster can be approximated with an exponential function (Supplementary Fig. 1 ). Furthermore, (a-c) TfR-PAGFP was expressed transiently at low or high density on the plasma membrane of COS-7 cells and imaged using PALM. Best fit coordinates of peak centers from individual frames were calculated and displayed as single dots in a and c. Shown are clusters of peaks corresponding to two spatially and temporally well-separated molecules in low expressing cell (a) and peaks corresponding to molecules that are not well separated in highly expressing cell (c). Note that the peaks arising from a single molecule are spatially confined in a region determined by average localization precision of the peaks. Center positions of molecules (asterisks) were determined by grouping peaks in the clusters. Color bars indicate frame number at which the molecules appeared. Graphs in b show multiple frame appearances of the single molecules (i) and (ii) from a. Frames in the sequence with no signal represent times when the molecule switched to a dark state. g(r) protein should decay to 1 at longer distances, where organization of proteins approaches a random distribution. Using the above criteria, we defined protein correlation as g(r) protein = A × exp(-r/ξ) + 1 (with exp representing exponential, the correlation length, ξ, being a measure of the domain size of the protein cluster and A being roughly the amplitude of the protein correlations extrapolated to r = 0). Thus, the total correlation will be given by:
If the computed pair-wise correlation of all peaks fits to equation (1), then the proteins are randomly organized with no spatial correlation. Otherwise, the computed pair-wise correlation function is fit to equation (2) to evaluate g(r) protein and the fit parameters ξ and A. This allows quantification of three different parameters to provide a physical description of the spatial organization of the proteins: (i) the increased local density of proteins appearing in a cluster or domain, ψ cluster , (ii) correlation length of clusters, ξ, which gives a rough estimate of the radius of a cluster and (iii) the average number of proteins in a cluster, N cluster . N cluster is not an absolute number given the uncertainties in the efficiency of photoactivatable GFP (PAGFP) photoactivation, which can lead to an underestimation of the actual number of proteins expressed.
Validation of Pc-PAlm
To validate the PC-PALM approach, we computed the paircorrelation functions for both random and clustered protein distribution patterns. In the random distribution condition, we analyzed the spatial distribution of PAGFP molecules covalently immobilized randomly on a glass coverslip (Fig. 2a) . A PALM image of a region of the coverslip surface displaying all peaks (Fig. 2b) revealed clusters of peaks associated with individual molecules distributed widely across the surface. Computed g(r) peaks of this image could be well fit with equation (1) (Fig. 2c) . Supporting a random distribution of the PAGFP molecules, g(r) protein did not deviate appreciably from 1 ( Fig. 2c) , indicating that the proteins were not clustered within the error bounds of our experiments.
In the clustered distribution condition, we examined the spatial distribution of transferrin receptor labeled with PAGFP (TfR-PAGFP) expressed on the plasma membrane of COS-7 (2) (2) cells. TfR-PAGFP is known to partially distribute on the plasma membrane in clathrin-coated pits (radius < 200 nm). A PALM image of a region of the plasma membrane displaying all peaks (Fig. 2d,e) supported this organization. Because of this secondary organization, we could not approximate pair-wise autocorrelation functions of TfR-PAGFP peaks with a random protein distribution model (equation (1)). However, the data could be well fit with a nonrandom protein distribution model (equation (2); Fig. 2f ). Evaluation of g(r) protein and the parameters ξ and A from this fit revealed that a fraction of TfR-PAGFP resides in clusters with average radius of ~150 nm, which is within the appropriate size range of clathrin coated pits in the plasma membrane. We also performed cross-correlation analysis between TfR-PAGFP and TfR tagged with photoactivable monomeric Cherry 1 (TfRPAmCh) transiently expressed in COS-7 cells, and imaged with PALM. We detected substantial cross-correlation between TfR-PAGFP and TfR-PAmCh (Supplementary Fig. 2 ), supporting the idea that TfR is present in clusters on the plasma membrane. These results demonstrate PC-PALM can correctly describe the 2D spatial organization of proteins, either randomly distributed or highly clustered.
steady-state organization of plasma-membrane proteins
We next used PC-PALM to quantitatively interrogate the distribution of proteins with distinct membrane anchors. We studied the following proteins: an outer leaflet glycosylphosphatidylinositol (GPI)-anchored protein, a transmembrane protein (Lat), an inner leaflet lipid-anchored protein (Lyn) and the transmembrane protein vesicular stomatitis viral glycoprotein (VSVG). GPI proteins have been widely used as model, liquid order-preferring proteins and are thought to cluster in the plasma membrane into small, dense clusters of less than four proteins 7, 8 . Lat and Lyn have a central role in signal transduction pathways, with their steadystate lateral organization important for signaling in these pathways 22, 23 . VSVG is vital for viral entry and forms trimers at the plasma membrane 24 . We chose these proteins because each has little or no endogenous expression in the COS-7 cells in which we expressed them.
Diffraction-limited confocal images of monomeric enhanced GFP (mEGFP)-tagged versions of the proteins expressed in COS-7 cells revealed that they individually distribute uniformly on the plasma membrane (Fig. 3a) . Nevertheless, the proteins showed substantial differences in their response to detergent extraction in cold Triton X-100, with mEGFP-GPI, Lat-mEGFP and LynmEGFP resisting extraction, and VSVG-mEGFP being extracted (Fig. 3a) . The proteins also had different lipid partitioning characteristics in giant plasma-membrane vesicles (GPMVs) 25 induced to bleb off the plasma membrane in expressing cells (Fig. 3b) . mEGFP-GPI and Lat-mEGFP partitioned into regions of the GPMVs lacking 1,2-dioleyl phosphatidylethanolamine-N-(lissamine rhodamine B) (Rh-DOPE), a liquid disorder-preferring lipid. This suggested they prefer residing in a membrane environment enriched in ordered lipids. In contrast, Lyn-mEGFP and VSVG-mEGFP localized together with Rh-DOPE in the liquiddisorder phase.
We next used PC-PALM to quantitatively interrogate nanoscale organization of these proteins in the intact plasma membrane. We expressed PAGFP-tagged proteins transiently in COS-7 cells and imaged the plasma membrane using PALM. We evaluated protein pair-wise autocorrelation functions, that is, g(r) protein , from correlation analysis of the peak centers, and obtained quantitative description of protein clustering patterns using the parameters ξ (correlation length of clusters), N cluster (detected proteins per cluster) and ψ cluster (density of proteins in cluster). Representative curve fits are shown in Supplementary Figure 3 .
We observed clear differences in the clustering characteristics of the four proteins (Fig. 3c-j) . PAGFP-GPI molecules were organized into clusters of radius < 60 nm containing on average ~2-3 detected proteins (N cluster = 2.3 ± 0.3; s.e.m., n = 91) (Fig. 3c,g ). Lyn-PAGFP molecules, in contrast, resided in clusters with three or more proteins, with a wide range of cluster sizes mostly above 60 nm (Fig. 3d,h ). Lat-PAGFP clusters were also organized into domains with widely varying ξ and N cluster values. Approximately 30% of the radii of Lat-PAGFP clusters were greater than 100 nm, and N cluster value was 2-40 (Fig. 3e,i and Supplementary Fig. 4 ). VSVG-PAGFP was distributed in clusters with an average of 2.8 ± 0.4 (s.e.m.; n = 73) detected proteins with radius < 60 nm (Fig. 3f,j) .
We obtained additional insight into the organization of these proteins by examining the ψ cluster values obtained from the autocorrelation functions (Fig. 3k) . The ψ cluster value indicates how densely packed proteins are in a cluster compared to the rest of the plasma membrane. VSVG-PAGFP had the largest ψ cluster value (24.3 ± 2.4; s.e.m., n = 73), suggesting the clusters consisted of tightly associated proteins. Given the protein number per cluster of VSVG-PAGFP was ~3.0 (Fig. 3f) , this supports VSVG-PAGFP occurring primarily as a trimer in the plasma membrane with no higher-order organization, consistent with previous biochemical studies 24 . PAGFP-GPI had the next highest ψ cluster value (10.1 ± 1.4; s.e.m., n = 91). Together with its ξ and N cluster values, this suggested that PAGFP-GPI distributes in relatively dense clusters of uniform size. Both Lat-PAGFP and Lyn-PAGFP had low ψ cluster values (≤ 5). Given these two proteins show a wide range of proteins per cluster and variable cluster radii, the data suggest they distribute in nonuniform clusters with low enrichment of proteins.
Based on the above quantitative descriptions, we can propose the following model for steady-state distributions of GPI, Lyn, Lat, and VSVG in the plasma membrane (Fig. 3l) . VSVG exists as about three tightly associated detectable proteins, GPI shows clustering in domains less than 60 nm containing 2-3 detectable proteins, and Lyn and Lat cluster in less dense domains of variable sizes with variable numbers of detected proteins.
PAGFP-GPi reorganization by modulation of lipids
GPI-anchored proteins are attached to the plasma membrane solely by a lipid anchor, and their steady-state organization is sensitive to the membrane lipid environment 8 . Given this, we used PC-PALM to examine how nanoscale clusters of PAGFP-GPI are affected by perturbations in the lipid composition of the plasma membrane. Depletion of cholesterol with methyl-beta cyclodextrin (MßCD) decreased both ψ cluster and N cluster of PAGFP-GPI (Fig. 4a,b) . Around 60% of the images had N cluster of no more than 1 (Fig. 4b) , suggesting that a large fraction of the proteins were randomly distributed. Cholesterol addition, in contrast, induced formation of additional clusters with larger radii, and N cluster increased relative to that found for untreated conditions (Fig. 4b,c ). These observations demonstrate that small nanoclusters of PAGFP-GPI are sensitive to the cholesterol content of the plasma membrane, with cholesterol depletion dispersing nanoclusters and cholesterol addition causing them to be larger. We next examined the effect of sphingomyelinase treatment on the distribution of PAGFP-GPI by PC-PALM. Sphingomyelinase generates ceramide in the plasma membrane 26 , which, in turn, can alter cholesterol organization 27 . Sphingomyelinase treatment dramatically decreased ψ cluster value of PAGFP-GPI by a factor of ~5 (Fig. 4a) . PAGFP-GPI was either randomly distributed (~40% of the samples) or organized into larger clusters of radius > 120 nm with decreased N cluster value (Fig. 4b,c) . This indicated that sphingomyelinase disrupts the small, dense nanoclusters of PAGFP-GPI and leads to their partial inclusion into larger domains induced by ceramides.
PAGFP-GPi remodeling by toxin and actin depolymerization
Binding of pentameric B-subunit of Shiga toxin (STxB) to its glycosphingolipid receptor globotriaosyl ceramide (Gb3) triggers the formation of ordered membrane domains and tubular plasma-membrane invaginations 28 . We examined how this affects the lateral organization of PAGFP-GPI by PC-PALM. Values of N cluster and ξ of PAGFP-GPI both increased substantially (Fig. 4b,c) . ψ cluster , however, remained largely the same (Fig. 4a) . This suggests that long-range correlations of PAGFP-GPI may be due to inclusion of GPI-anchored nanoclusters into STxBinduced ordered domains and invaginations.
Previous work has shown that perturbation of the actin cytoskeleton affects the organization of GPI-anchored proteins 8 . To investigate this in more detail, we used PC-PALM to examine PAGFP-GPI distribution during treatment of cells with cytochalasin B, which depolymerizes the actin cytoskeleton. GPI nanoclusters were dispersed and proteins were randomly distributed in ~60% of the images examined. In addition, a fraction of the GPI proteins were present in larger, less dense domains with the domains having a wide range of spatial scales (Fig. 4) . Thus, maintenance of the small nanoclusters of PAGFP-GPI is affected by actin depolymerization.
cross-correlation analysis of PAGFP-GPi and actin
During receptor signaling, transport vesicle biogenesis, cell polarization and viral budding, critical clustering events occur that induce or stabilize plasma-membrane structures, leading to recruitment of downstream machinery 29 . Such clustering often induces reorganization of cortical actin cytoskeleton 30 . To investigate potential co-recruitment of actin to sites of protein clustering in the plasma membrane, we used PC-PALM to analyze cells expressing PAGFP-GPI exposed to a cross-linking antibody to GFP at 4 °C. We found this treatment induced PAGFP-GPI to become tightly packed in large structures, with increased ψ cluster (about sixfold), N cluster and long-range correlations (ξ) (Fig. 5a-c) . There was no substantial change in ξ of PAGFP-GPI on lowering the temperature from 37 °C to 4 °C in absence of cross-linking, though there was some reduction in the extent of clustering (Fig. 5a-c and Supplementary Fig. 5) .
We next applied cross-correlation analysis to examine the response of actin to cross-linking of PAGFP-GPI by antibody to GFP at 4 °C. We observed no appreciable spatial colocalization of PAGFP-GPI and actin-PAmCh in absence of antibody cross-linking (Fig. 5d) . But actin-PAmCh dramatically reorganized in response to the cross-linking of PAGFP-GPI and localized with the clusters of PAGFP-GPI, as evident from the PALM image and from the increased value of c(r) (Fig. 5e,f) . PAGFP-GPI and actin-PAmCh were spatially uncorrelated in the absence of antibody cross-linking at both 37 °C and 4 °C (c(r) ~1) (Fig. 5f) . As GPI anchors are localized only on the outer plasma-membrane bilayer, whereas actin is cytoplasmically localized, clustering of GPI and actin therefore must involve some type of signaling across the bilayer.
discussion
Using an algorithm to distinguish single proteins from clusters of proteins, PC-PALM enables quantification of different parameters of protein spatial organization. This includes descriptions of cluster features of proteins across different size scales, such as detected number of proteins within a cluster, density of proteins in a cluster and overall size of a cluster. The approach avoids the problems associated with precise identification of single molecules, such as overcounting of labeled molecules in peak-grouping strategies. In doing so, it provides a quantitative approach for dissecting the spatial features of nanoscale protein organization.
A fundamental strength of PC-PALM is its relative simplicity and ability to add new details to spatial organization in a biological system. Using PC-PALM, we could clearly distinguish a random distribution of PAGFP molecules immobilized on coverslips from large-scale clustering of TfR-PAGFP proteins (~100-200 nm) on the plasma membrane. Moreover, we could explore current concepts of membrane organization and membrane remodeling in response to specific perturbations. The observed details of nanoscale clustering of GPI, Lat, Lyn and VSVG proteins (including cluster size, density and variability) provide a more complete picture of protein organization in the plasma membrane on a wide range of spatial scales (50 nm to 1 µm). In addition to characterization of the distribution patterns of distinct proteins, PC-PALM can be used to examine how two different proteins are spatially organized with respect to each other by performing cross-correlation analysis.
Because the key aspects of PC-PALM are straightforward and well-suited for characterization of both small oligomers and larger protein domains, the method is an ideal tool to study protein reorganization during various physiological processes. For example, PC-PALM could help clarify how signaling receptors on the plasma membrane cluster in response to ligand binding, uncover steps in the pathway for viral budding and dissect clustering of endocytic receptors. PC-PALM is not limited to examining protein organization in the plasma membrane but can be used to interrogate quantitative aspects of protein organization anywhere in the cell, including in organelles such as endoplasmic reticulum, mitochondria and Golgi apparatus. Finally, although in this study we used PA-FPs, the PC-PALM method is applicable to any single-molecule application, such as those using fluorescent dyes in STORM or gold-labeled antibodies in electron microscopy (S.L. Veatch Sample preparation. We cleaned 18-mm #1.5 coverslips (Warner Instruments) with either 1% hydrofluoric acid (HF) for 5 min or 1% Hellmanex II (Fisher) for 3 h, followed by distilled water and 100% ethanol. Cleaned coverslips were then flamed and placed in sterile 35-mm tissue culture dishes. For PALM, cells were grown on fibronectin coated (2 µg ml −1 in PBS (pH 7.4); Sigma) coverslips and transiently transfected 48 h after plating with Fugene 6 (Roche). Approximately 24 h after transfection, cells were washed twice with PBS, fixed with 4% paraformaldehyde, 0.2% glutaraldehyde (Electron Microscopy Sciences) in PBS for 35 min at room temperature (25 °C) (or for 15 min at 4 °C followed by 30 min at room temperature for cells incubated at 4 °C). Quenching was done with filter-sterilized 10 mg ml −1 BSA in PBS for 5 min, and cells were finally washed four times with PBS. In all cases, fixation was preformed just before the imaging. Cells expressing VSVG were incubated at 32 °C at least 8 h before fixation. To ensure high density of TfR-PAGFP on the plasma membrane, cells were incubated with 100 µM deferoxamine mesylate salt (DFO, Sigma) for 18 h after transfection. Coverslips were incubated with 1:4,000 diluted Tetraspec beads (Invitrogen) in PBS for 10 min that served as fiducial markers.
For confocal microscopy, cells were grown on coverslips (18-mm, #1.5) and transfected 24 h before imaging.
To generate GPMVs, COS-7 cells transiently expressed with mEGFP-tagged proteins were labeled with 200 µg ml −1 Rh-DOPE (Avanti Polar Lipids) dissolved in ethanol for 5 min, washed twice with GPMV buffer (2 mM CaCl 2 , 10 mM Hepes and 150 mM NaCl, pH 7.4), and incubated with freshly prepared GPMV active reagent consisting of 2 mM N-ethyl maleimide (Sigma) in GPMV buffer for 1 h at 37 °C with shaking (60 cycles min −1 ). GPMVs were then gently decanted into a tube and allowed to sit undisturbed on ice for 30 min to allow the larger GPMVs to sediment. Finally, GPMVs were collected from the bottom 20% of the total volume of the tube and imaged at 25 °C.
To covalently immobilize on coverslips, clean coverslips were first treated with 5% (wt/vol) 3-aminopropyl trimethoxysilane (APTMS) in acetone for 15 min at room temperature, washed with acetone and PBS in succession, and then incubated with 0.25% (wt/vol) glutaraldehyde in PBS for 30 min. PAGFP in PBS was centrifuged (100,000g in TLA 45 rotor for 2 h) to minimize any potential aggregation before the experiment. Next, functionalized coverslips were incubated with a combination of 10 nM PAGFP and 5 µM BSA in PBS for 30 min at room temperature in a humid chamber. Coverslips were extensively washed after the incubation and then imaged in PBS.
Cells and membrane perturbations. COS-7 cells were cultured in Phenol Red-free Dulbecco's modified Eagle medium (DMEM) supplemented with 10% FBS, 1 mM sodium pyruvate, 100 units ml −1 penicillin, 100 units ml −1 streptomycin and 2 mM glutamine (Invitrogen). Approximately 24 h after transfection, cells were washed quickly in PBS pre-warmed to 37 °C and immediately fixed in 4% (w/v) paraformaldehyde and 0.2% (w/v) glutaraldehyde (Electron Microscopy Sciences) for 35 min at room temperature in PBS (or for 15 min at 4 °C followed by 30 min at room temperature for cells incubated at 4 °C). These fixation conditions have been reported to immobilize most of the plasma-membrane proteins 10 . Plasma-membrane cholesterol levels were elevated or depleted by incubating cells with either 2 mM soluble cholesterol (Sigma) or 10 mM methyl-β-cyclodextrin (Sigma), respectively, in DMEM supplemented with 10 mM HEPES and 1 mg ml −1 BSA for 30 min at 37 °C. Ceramide was generated in the plasma membrane by incubating cells with sphingomyelinase from Streptococcus aureus (Sigma) at a final concentration of 10 units ml −1 for 30 min at 37 °C. To bind STxB to its lipid receptor globotriaosyl ceramide (Gb3), cells were incubated with 60 nM STxB for 1.5 h at 4 °C in medium supplemented with 10 mM HEPES and subsequently warmed up to 37 °C for 10 min. Cortical cytoskeleton was disrupted by treating cells with 1 µM cytochalasin B (Sigma) for 15 min at 37 °C. To cross-link PAGFP-GPI, cells were incubated with 5 µg ml −1 polyclonal antibody to GFP (Invitrogen) for 1 h at 10 °C, followed by 5 µg ml −1 horseradish peroxidase-conjugated secondary goat antibody to rabbit (Jackson Labs) for 1 h at 10 °C. Cells were then washed with medium, and incubated at 4 °C for an additional 30 min. Untreated cells were similarly treated in absence of antibodies. Triton X-100 (Sigma) extraction experiments, were performed as described previously 31 . Briefly, live cells were cooled to 4 °C, and subsequently incubated with either ice cold 1% Triton X-100 (Tx-100) in PBS or PBS (for control experiments) for 20 min at 4 °C.
Microscopy. PALM imaging was performed on an Olympus IX81 microscope using a 60× 1.45 numerical aperture (NA) objective (Olympus, PlanApoN). Cells were imaged in total internal reflection fluorescence (TIRF) mode using activation and excitation lasers with wavelengths 405 nm (50 mW Cube, Coherent), 488 nm (50-mW Sapphire, Coherent) and 561 nm (40 mW Compass, Coherent). Fluorescence emission was detected with an electronmultiplying charge-coupled device (EM-CCD) camera (Andor Technology, DV887ECS-BV). Images of a 43 µm × 43 µm area were collected with an exposure time of 100 ms. PAGFP was simultaneously activated and excited with 488-nm laser with the intensity set to 400 µW (as measured at rear aperture of the objective). Activation power was commonly increased toward the end of the experiment once most of the molecules were depleted. Activated fluorescent molecules were typically depleted after 10,000-50,000 frames. For two-color imaging, PAGFP fluorescence was collected first by simultaneously activating and exciting with 488-nm laser until PAGFP was completely exhausted. Next PAmCh fluorescence was collected using 405 nm (1-15 µW), and 561 nm (800 µW) lasers for activation and excitation, respectively. Tetraspec beads (Invitrogen) were used as fiducial markers to correct for drift during image acquisition and to overlay two-color images. Confocal imaging was performed with a Marianas spinning disc (Intelligent Imaging Innovations) attached to a Zeiss Observer.Z1 microscope (Carl Zeiss) equipped with a 63× Plan Apochromat 1.4 NA (Carl Zeiss) objective lens and a Leica TCS SP2 spectral confocal system (Leica) with a 63× oil-immersion objective.
nAture methods
Maximum-intensity projection images were constructed using Slidebook 5.0 software (Intelligent Imaging Innovations).
Data analysis. Peaks were localized using a previously described algorithm written in IDL (Research Systems) 11 . Peaks identified in each frame were fit using a cylindrically symmetric Gaussian point spread function. The average localization precision (σ raw ) of the peaks ranged from 20-35 nm. PALM images were collected under conditions where the average distance between peaks in a single frame was substantially larger than the precision (σ raw ) of the peak positions. All the detected peaks were used for subsequent analysis using code custom written in MATLAB (MathWorks).
Correlation analysis. Peaks appearing in consecutive frames within a radius of 2.5 × σ raw were considered to belong to the same molecule and were replaced by a single peak whose sigma (σ peaks ) and position coordinates were estimated as a weighted average of the sigma values and position coordinates of the contributing peaks. Average localization precision of resulting peaks ranged between 16 and 20 nm (Supplementary Fig. 6 ). In a PALM image assembled by combining all the frames, an individual protein is represented by multiple peaks, which are spatially separated owing to uncertainty of their localization and are temporally separated owing to blinking of the fluorophores. However, the peaks belonging to the same protein have a specific spatial dispersion and they are distributed approximately over a 2D Gaussian surface centered at the actual position of the protein. We took advantage of this defined spatial distribution of peaks belonging to a single molecule in our analysis, as described below.
Binary PALM images of entire cells were constructed using the best fit coordinates of the peak centers, such that the pixels have a value of 1 at peak centers and a value of 0 elsewhere. Auto-and cross-correlation was performed on randomly selected sections (4-16 µm 2 squares) of these images. Pair correlation functions were computed using Fast Fourier Transforms in MATLAB (Supplementary Note 1) . Sections of cells were selected in such a way that visible gaps (holes) in the zoomed out image (of distribution of peaks) were avoided. As we obtained distinct membrane organization for the five proteins tested, we are confident that membrane topology does not influence our results substantially. This is also supported by the fact that we see changes in the distribution of proteins in response to membrane perturbations and cross-linking of proteins. Both auto-and cross-correlation were normalized to the average density of peaks over the entire image. By this definition, correlation functions quantify the probability of finding a second particle at a distance r away from a given particle, and a value of 1 indicates that particles are randomly distributed at that distance. Correlation function with a value greater than 1 indicates a clustered distribution of molecules. Mathematical terms are defined in Supplementary Note 2.
Autocorrelation model. The measured autocorrelation of the peaks, g(r) peaks , can be separated out into two contributions from (i) the protein correlation at r = 0 which we describe as correlation function of the centroids of the proteins, viz. g(r) centroid , and, (ii) the protein correlation at (r > 0), g(r) protein , which describes the spatial organization of the proteins. The two components of the correlation function, g(r) peaks and g(r) centroid , can be treated as statistically independent functions. Owing to the uncertainty in localization precision imposed by the experimental technique, both these correlation functions are convolved with the effective point spread function of the uncertainty in position determination, g(r) PSF . The total measured autocorrelation is the sum of these two correlation functions:
The defined spatial signature of peaks belonging to the same protein was used to derive a functional form of g(r) PSF . The centers and localization precision of each of the peaks was calculated by fitting a 2D Gaussian function. The spatial distribution of the cluster of peaks belonging to a single protein can be approximated by a 2D Gaussian surface (centered at the actual position of the protein), whose sigma is represented as σ s . The effective point spread function of the uncertainty in position determination will be given by this 2D Gaussian function. The autocorrelation of this point spread function is also a Gaussian with increased sigma of √2 × σ s . Thus, the functional form of g(r) PSF πs r s
The first term of equation (6) represents the correlation arising from the multiple appearance of each protein and associated stochastic uncertainty in position determination. The second term of equation (6) Randomly distributed proteins. Protein correlation function quantifies the increased probability of finding a protein at a distance r from a given protein compared to that expected for random distribution of proteins. Thus, in the special case where the proteins are randomly distributed, the protein correlation function g(r) protein (r > 0) ~ 1, and the second term of equation (6) Fig. 7 ). If ρ peaks represent the average density of peaks, and α represents the average number of discrete appearances of a protein owing to blinking, the average density of proteins, ρ average , will be given by ρ avearge = ρ peaks /α. ρ peaks was calculated from the number of peaks present in the image. We could obtain an estimate of α, the average number of appearances of individual molecules, by analyzing images where PA-FP proteins are present at a very sparse density. α was 4-5 for all the proteins examined under our imaging conditions. The measured autocorrelation was fit to equation (8) using nonlinear least square fitting algorithm while adjusting the two free parameters σ s and α. The distribution was considered random if the values of fit parameters, σ s and α, were reasonable and consistent with the estimated values (±25% of the estimated values) and g(r) protein (r > 0) was less than 1.5.
We evaluated g(r) stoch by using the fit parameters σ s and α, and subsequently calculated g(r) protein by subtracting g(r) stoch from the measured autocorrelation g(r) peaks . For random distribution of molecules, g(r) protein ~1 for all values of (r > 0). Clustered distribution. In our model, deviations of experimental correlation functions from equation (8) indicate a nonrandom distribution of the proteins on the plasma membrane. If proteins are organized into clusters, the computed protein correlation will be greater than 1 along the length scales of the clusters, and approach the value expected from random distribution (that is, 1) at longer length scales. Under such conditions, we need to define a functional form of g(r) protein . We used two different criteria to choose a model for g(r) protein . If a protein is part of a cluster, the probability of finding another protein in the neighborhood is dependent on the density and distance, and in a 2D-system of clusters with no predefined shape, this probability can be approximated by an exponentially decaying function (Supplementary Fig. 1 ). We used an additional criterion to define g(r) protein . The correlation function g(r) protein quantifies the increased probability of finding a protein at distance r from a given protein relative to the expected probability for random distribution of proteins. Thus g(r) protein should decay to 1 at longer distances where the measured probability density approaches the (8) (8) value expected for random distribution of proteins. We chose a functional form of g(r) protein that satisfies both the above physical requirements:
Here the correlation length ξ gives an estimate of the radius of the domain and A is a measure of the protein density in the domains. Thus, the measured correlation function of all the peaks will take the following form: The correlation function is fit to equation (10) by adjusting the free parameters ξ and A. σ s and α are constrained to be consistent with the estimated values, as described before for random model fitting.
The cluster size, average number of proteins per cluster, and the magnitude of clustering can be evaluated from the fit parameters. The radius of the cluster of proteins is given by the correlation length ξ. The average number of proteins per cluster, N cluster , is given by: As described above, we obtained an estimate of α by analyzing the average number of appearances of individual proteins when they are expressed sparsely, conditions under which proteins can be grouped with more confidence. Thus, it should be noted that any uncertainty in estimation of α values would affect our calculation of N cluster . This effect will be more severe for situations where the correlation lengths of the clusters are similar in magnitude to σ s , as in the cases for PAGFP-GPI and VSVG-PAGFP. However, as we obtained similar values of α for the PAGFP-tagged proteins at low density, it is reasonable to assume that our estimate is close to the actual values when high density of proteins are imaged under similar conditions. We defined ψ cluster as the increased density of proteins in clusters relative to the overall average density of proteins across the whole image, and it is given by: Although we optimized our imaging scheme for activation and detection of PA-FPs, we likely are not detecting the entire population of PA-FPs. This can lead to an underestimation of the number of proteins present in cluster. However, estimates of cluster sizes should not be affected. 
